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The study of the movement behavior of geckos on a vertical surface, including the measurement and recording of the reaction 
forces as they move in different directions, plays an important role in understanding the mechanics of the animals’ locomotion. 
This study provides inspiration for the design of a control system for a bionics robot. The three-dimensional reaction forces of 
vertical surface-climbing geckos (Gekko gecko) were measured using a three-dimensional force-sensors-array. The behavior of 
gecko as it moved on a vertical surface was recorded with a high speed camera at 215 fps and the function of each foot of a gecko 
are discussed in this paper. The results showed that the gecko increased its velocity of movement mainly by increasing the stride 
frequency in the upward, downward and leftward direction and that the speed had no significant relationship to the attachment and 
detachment times. The feet above the center-of-mass play a key role in supporting the body, driving locomotion and balancing 
overturning etc. The movement behavior and foot function of geckos change correspondingly for different conditions, which re-
sults in safe and effective free vertical locomotion. This research will be helpful in designing gecko-like robots including the se-
lection of gait planning and its control. 
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In unstructured environments, modern robots are quite inferior 
to animals with regard to stability, agility, robustness, envi-
ronmental adaptability, and energy efficiency [1]. Studying 
the reaction forces between the foot of an animal and the 
substrate on which it is moving, as well as the locomotion 
behaviors and its relationship with the reaction force, will 
help us to understand the mechanical roles of animal loco-
motion. This in turn will provide inspiration for structure 
design, gait planning and control system development for a 
bio-mimicking-robot. The results show that scansorial ani-
mals often require different locomotive apparatus when 
compared with ground-dwelling animals [2–5]. Level run-
ners usually have relatively long limbs to elevate their body  
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from the ground to reduce friction and move more sagittally 
to increase stride length. However, climbers benefit from 
shorter limbs and use a sprawling gait to keep their center- 
of-mass as close to the substrate as possible [5–12]. When 
animals move over a steep or vertical surface, they must 
generate sufficient propulsive forces to overcome inertia, 
surface resistances, air and gravity [6,10]. On inclines, the 
fore-feet must generate an adhesive force to avoid over-
turning backwards while the hind-feet provide the propul-
sion needed for locomotion [10]. Geckos have been widely 
researched by scientists because of their efficient and versa-
tile adhesive abilities. Damme et al. focused on the behavior 
and dynamics of geckos moving on floors, walls and ceilings 
[11,13–18]. Losos et al. have carried out significant research 
on the morphology [3,6,9], structure and micro-structure of 
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gecko feet [19–21], mechanisms of adhesion [19,22–24], 
and adhesive strength [20,25–28]. On bionic applications, 
the artificial seta array was developed by micro-mold injec-
tion [29,30], electron-beam etching [31], and carbon nano- 
tubes [32]. 
The motion properties of a gecko on a vertical surface 
have been well researched [5,13–15,33], but the relationship 
between the reaction forces and relative direction of move-
ment has not been studied. Here we, for the first time in 
literature, measured the three dimensional reaction forces 
and observed the locomotion behavior of freely moving 
geckos on a vertical surface in three directions (upward, 
downward and leftward). We believe the results will pro-
vide biological knowledge for an engineer to develop an 
advanced gecko-mimicking robot. 
1  Materials and methods 
(i) Animals.  Five geckos from Guangxi Zhuang Autono-
mous Region, China were used in this experiment (body 
weight: 64.5±2.4 g, body length: 136.6±12.4 mm, mean ± 
s.d.). The geckos were housed in two cages which were 
connected by an aisle to train the gecko to move through the 
aisle of the force-sensors-array to feed on mealworms, 
crickets, vitamins and water. They were kept under a natural 
light cycle, the temperature at 25±2°C, humidity at 60% 
–70%. To make the description easy, we defined each foot as 
LF, LH, RF and RH (Figure 1(a)). 
(ii) Experimental setup.  The facility was made up of a 
sensor array at the bottom of an aisle to measure the reac-
tion force between the foot and the substrate (load-carrier 
of the sensor), which was covered with transparent Plexi-
glas to limit the motion of the gecko directly onto the 
force-sensor-array. Two mirrors at 45° to the force-sensor- 
array (FSA) plane enabled the recording of the three-di-
mensional locomotion behavior of the gecko’s motion. 
The FSA platform was made up of 16 (2×8) sensors and 
each sensor could measure the three-dimensional interac-
tion forces. The end of the aisle had a dark plastic box to 
lure the gecko to move into it (Figure 1(a)). The FSA plat-
form rotated about an axis to change the direction of the 
aisle to simulate gecko movement on the vertical surface 
in upward, downward and leftward directions (Figure 
1(c)). 
(iii) Force measurements and acquisitions.  The three- 
dimensional reaction force (Figure 1(b)), namely, lateral, 
fore-aft and normal forces, when the geckos moved freely on 
the vertical surface, were measured and collected by the ex-
perimental facility described above. Three-dimensional  
sensors with micro-Newton resolution measured the reac-
tion forces [34]. The strains were regulated by a signal 
processing system (SCXI-1520 NI, USA), and digitized by 
 
Figure 1  (a) Force platform used to measure dynamics of G. Gecko moving on a vertical surface; (b) directional definition of reaction forces in this re-
search; (c) diagrams of gecko moving in different directions on a vertical surface: (1) upward; (2) downward; (3) leftward. 
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an acquisition card (PCI-6052E, NI, USA). The collected 
data were filtered at a cut-off frequency of 100 Hz. The 
software was developed in our laboratory on a LabVIEW 
platform. 
(iv) Kinematics observation.  The locomotion behavior 
of the geckos was recorded using a high speed camera at 
215 fps (Mikrotron, MC1311, Germany) to obtain the rela-
tive geometrical positions between the gecko’s feet and the 
load-carrying sensor while the gecko was in locomotion. 
The positions of the feet were synchronized with the reac-
tion forces by a LED light in the view frame of the camera. 
Around 2000 images were obtained for each trial and the 
locomotion behavior was observed using two points on the 
gecko’s vertebrae (Figure 1(a)). 
(v) Data processing.  The gait information of a gecko 
moving on a vertical surface, obtained from a series of pho-
tos recorded by high speed camera, included the stride 
length Ls, stride frequency fs, stance period Tst, swing period 
Tsw, duty factor Df, attachment time Tat, detachment time 
Tde, etc. The valid contact of a gecko foot on the sensor, that 
is all parts of a foot or two feet in contact with one sensor 
were selected from the high speed recording, from which 
the maximum lateral reaction force FL, fore-aft force FF and 
normal force FN were extracted.  
(vi) Statistics.  An animal’s reaction force might be in-
fluenced by many factors, such as body weight, stress and 
coping mode, locomotion behavior and environmental con-
ditions, so the statistical analysis must be introduced to re-
veal the role of locomotion mechanics. We compared the 
difference in the data between groups by T-tests and set 
critical P=0.05 (SPSS Inc., Chicago, USA). All of the tested 
data were presented as means ± standard deviations (mean ± 
s.d.). 
2  Results 
When geckos moved on a vertical surface in upward, 
downward and leftward directions, the gait information and 
reaction forces generated by the left and right feet were 
compared using the T-test. The test results showed that 
there were no significant differences between the gecko 
moving upwards and downwards (P>0.05), which may re-
sult from the symmetrical body structure of the gecko. 
However, there were obvious differences moving leftwards 
(P<0.05). Thus, the opposite data generated by the left and 
right feet were combined when analyzing the gecko’s up-
ward and downward movement. 
2.1  Locomotion behaviors and gait 
Geckos moved vertically using a diagonal gait with veloc-
ity. Contralateral limbs moved nearly synchronously, while 
ipsilateral limbs moved in antiphase. Geckos extended or 
crimped their toes (when peeling from the terminal end) to 
attach to or detach from the substrate when they made the 
transformation from a stance period to a swing period. 
(i) Moving upwards.  Geckos moved upwards on a ver-
tical surface at a speed of 0.09 to 0.72 m/s, with a stride 
length of 84.6 to 144.9 mm, and a stride frequency of 0.73 
Hz to 6.00 Hz. The stride length and stride frequency were 
both significantly affected by speed (ANOVA, stride length: 
R2=0.364, F=5.73, df=1,10, P=0.038; stride frequency: 
R2=0.932, F=137.06, df=1,10, P<0.001). Compared with the 
effects of stride length, the geckos increased their velocity 
largely by increasing their stride frequency (stride fre-
quency=6.783×v+0.489) (Figure 2(a)). The duty factor of 
each foot was affected by speed (ANOVA, fore-feet: 
R2=0.432, F=16.71, df=1,22, P=0.001; hind-feet: R2=0.173, 
F=4.59, df=1,22, P=0.043) and decreased with increasing 
velocity (Figure 2(b)). The times needed for attaching and 
detaching of fore- and hind-feet were not significantly af-
fected by speed (ANOVA, P>0.05), the attachment and 
detachment time of the fore-feet were both shorter than for 
the hind-feet (Figure 3(a), Table 1). 
(ii) Moving downwards.  Geckos moved downwards on 
a vertical surface at a speed of 0.17 m/s to 1.08 m/s, with a 
stride length of 71.9 mm to 136.6 mm, and a stride fre-
quency of 2.29 Hz to 7.68 Hz. The stride length and stride 
frequency were both significantly affected by speed 
(ANOVA, stride length: R2=0.587, F=11.38, df=1,8, 
P=0.010; stride frequency: R2=0.856, F=47.67, df=1,8, 
P<0.001). Compared with the effect of stride length, geckos 
increased their velocity largely by increasing their stride 
frequency (stride frequency=6.023×v+1.679) (Figure 2(c)). 
The duty factors of each foot were affected by speed 
(ANOVA, fore-feet: R2=0.540, F=21.13, df =1,18, P=0.001; 
hind-feet: R2=0.416, F=12.82, df=1,18, P=0.002) and de-
creased with increasing velocity (Figure 2(d)). The detach-
ment times of each foot were not significantly affected by 
speed (ANOVA, P>0.1), the attachment and detachment 
time of the fore-feet were both longer than those of the 
hind-feet (Figure 3(b), Table 1). 
(iii) Moving leftwards.  Geckos moved leftwards on a ver-
tical surface at a speed of 0.19 to 0.84 m/s, with a stride length 
of 85.1 to 141.0 mm, and a stride frequency of 2.44 Hz to 6.94 
Hz. The speed does not relate to the stride length (ANOVA, 
R2=0.230, F=3.58, d.f.=1,12, P=0.083), but relates to the stride 
frequency (ANOVA, R2=0.888, F=94.76, df=1,12, P<0.001). 
Thus the geckos increased their velocity by increasing their 
stride frequency (stride frequency=7.238×v+0.737) (Figure 
2(e)). The duty factors of LF and RH were significantly af-
fected by speed (ANOVA, LF: R2=0.291, F=4.92, df=1,12, 
P=0.047; RH: R2=0.662, F=23.47, df=1.12, P=0.001) and 
decreased with increasing velocity (LF: duty factor= 
–0.313×v+0.823; RH: duty factor=–0.379×v+0.872). The duty 
factors of RF and LH were not significantly affected by speed 
(Figure 2(f)), nor were the attachment and detachment times 
of each foot (ANOVA, P>0.463), but the detachment times of 
fore- and hind-feet differed from one another and the 
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Figure 2  Stride lengths, stride frequency ((a), (c), (e)) and duty factors ((b), (d), (f)) vs. velocity for a G. Gecko moving in different directions on a vertical 
surface. (a)  Stride length and stride frequency vs. velocity for a G. Gecko moving upwards on a vertical surface; (b) duty factors vs. velocity for a G. Gecko 
moving upwards on a vertical surface; (c) stride length and stride frequency vs. velocity for a G. Gecko moving downwards on a vertical surface; (d) duty 
factors vs. velocity for a G. Gecko moving downwards on a vertical surface; (e) stride length and stride frequency vs. velocity for a G. Gecko moving left-
wards on a vertical surface; (f) duty factors vs. velocity for a G. Gecko moving leftwards on a vertical surface. 
Table 1  Mean attachment and detachment times in a G. Gecko moving in different directions on a vertical surface 
 Foot Tat (ms) Tde (ms) Tat/Tst (%) Tat/T (%) Tde/Tst (%) Tde/T (%) 
LF RF 25.78±19.29 102.13±78.54 9.6±6.1 6.1±3.3 34.5±16.1 22.5±10.7 
Moving upward 
LH RH 33.72±21.63 157.95±113.16 12.2±7.5 7.9±4.4 43.1±27.3 35.2±19.2 
LF RF 29.07±11.73 70.47±59.74 25.3±13.0 13.4±5.6 48.6±25.2 27.2±14.0 
Moving downward 
LH RH 20.23±9.65 41.86±22.69 17.1±9.7 9.3±4.7 36.1±21.5 19.0±9.1 
LF 24.25±7.33 66.44±41.22 12.7±3.6 9.6±6.1 36.1±21.7 24.4±13.8 
RF 25.91±11.50 59.81±33.18 15.9±8.5 9.9±5.7 34.7±14.7 21.5±10.6 
LH 29.57±9.05 90.36±40.72 16.8±5.6 10.7±2.6 49.6±21.0 32.2±13.9 
Moving leftward 
RH 28.27±5.61 78.41±52.90 9.0±4.0 6.8±2.6 42.2±33.5 30.1±23.2 
 
attachment times of the fore-feet were slightly shorter than 
for the hind-feet (Figure 3(c), Table 1). 
2.2  Reaction force generated by each foot 
(i) Moving upwards.  In the lateral direction, each foot 
pulled towards the midline of the body so that the left feet 
generated a lateral force to the right while the right feet 
generated a lateral force to the left. Lateral forces were 1.5 
times the normal force. The feet must generate enough posi-
tive fore-aft forces to balance gravity and provide a driving 
force to move upward, thus the direction of the fore-aft 
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Figure 3  Gait pattern vs. time during one stride of a G. Gecko moving in different directions on a vertical surface. (a) Moving upwards; (b) moving down-
wards; (c) moving leftwards. 
force generated by each foot and the direction of locomo-
tion were the same, which drove the gecko in an upward 
movement. The fore-aft forces of the fore- and hind-feet 
occupied 72.8% and 71.0% of the body weight, while the 
sum of the fore-aft forces generated by the two diagonal feet 
were about 1.45 times the body weight and 3 times the 
normal force. The negative normal forces (adhesive forces) 
generated by the fore-feet always pull the body towards the 
locomotion surface whereas the hind-feet pull the body to-
wards the locomotion surface in the first half of the stance 
period and push the body away from the locomotion surface 
in the second half of the stance period (Figure 4(a)). 
(ii) Moving downwards.  The lateral forces generated 
by the fore-feet were less than that the forces generated by 
the hind-feet, and both deviated from the midline of the 
body. The direction of locomotion was in the direction of 
gravity, while the fore-aft forces generated by the fore- and 
hind-feet were opposite to gravity, and they took up 34.0% 
and 95.2% of the body weight. The sum of the fore-aft 
forces generated by the two diagonal feet was about 1.29 
times the body weight and 5 times the normal force. The 
adhesive forces generated by the hind-feet always pull the 
body towards the locomotion surface, whereas the normal 
forces generated by the fore-feet pull the body towards the 
locomotion surface in the first half of the stance period and 
push the body away from the locomotion surface in the 
second half of the stance period (Figure 4(b)). 
(iii) Moving leftwards.  When the geckos moved left-
wards on a vertical surface, the lateral forces generated by 
each foot both were opposite to gravity, the lateral forces of 
the right feet above the center-of-mass (COM) (RF and RH: 
occupying 108.7% and 122.0% of the body weight respec-
tively) were larger than for the left feet below the COM (LF 
and LH: occupying 54.1% and 42.2% of the body weight), 
thus the weight was balanced primarily by the right feet 
above the COM. The sum of the fore-aft forces generated 
by the two diagonal feet was about 1.7 times the body 
weight and 5 times the normal force. The fore-aft force 
drived the gecko with a forward movement. The direction of 
the fore-aft forces generated by the fore-feet changed con-
tinuously in a stance period, in which initially the LF above 
the COM was opposite to the direction of locomotion and 
was then consistent with that, but the change of force gener-
ated by the RF was in the opposite direction to that generated 
by the LF. The fore-aft forces of the hind-feet were always 
unidirectional in the stance period, in which the RH generated 
a decelerating force and the RF generated an accelerating 
force in the fore-aft direction. The adhesive forces (negative 
normal forces) generated by the right feet above the COM 
pulled the body towards the locomotion surface, while the 
positive normal forces generated by the left feet below the 
COM pushed the body away from the locomotion surface 
(Figure 4(c)). 
2.3  Overturning impulse moments 
Static analyses of animals show that they need to overcome 
the unstable moment (overturning moment) induced by the 
deviation of the COM. This overturning moment is in pro-
portion to the animal’s weight and the deflected distance of 
the COM. Animals can use different methods (tail, foot and 
long toes, etc.) to balance this unstable moment. For example, 
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Figure 4  Mean maximum reaction forces of a single foot in a G. Gecko moving in different directions on a vertical surface. (a) Moving upwards; (b) mov-
ing downwards; (c) moving leftwards. 
tree creepers use a tail to balance the overturning moment 
from below the COM [35]. When moving on floors and 
ceilings, geckos generated equal normal forces with the 
fore- and hind-feet in the same direction to support the body 
and balance the unstable moments [16,18]. 
When geckos change direction on a vertical surface there 
is a distance between the COM and substrate. Thus, the 
overturning moment which can separate geckos from the 
vertical surface always exists (Figure 5(a), (b)). The results 
show that the feet above the COM always generate adhesive 
forces to pull the body toward the substrate to decrease the 
distance between the COM and the vertical surface. In 
moving upwards, the gravity impulse IG was about 12 times 
the normal force impulse IN
 generated by the feet above the 
COM. The ratio of the overturning arm of force r to the 
stabilizing arm of force R is 1/10. The stabilizing impulse 
moment MS generated by the normal force of the feet above 
the COM was less than the overturning impulse moment Mo 
induced by gravity. Downward and upward movement has 
similar conditions. The gravity impulse IG was about 11 
times the normal force impulse IN. The stabilizing impulse 
moment MS was slightly smaller than the overturning im-
pulse moment Mo. For leftward movement, the stabilizing 
arm of force R in leftward locomotion is less than that of 
upward and downward locomotion. The gravity impulse IG 
was about 8 times the normal force impulse IN generated by 
the feet above the COM. The stabilizing impulse moment 
MS was larger than the overturning impulse moment Mo 
(Table 2). 
3  Discussion 
The reaction force and locomotion behaviors were meas- 
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Figure 5  (a) Lateral view of normal reaction force during moving vertically; (b) lateral view of overturning (Mo) and stabilizing (MS) impulse moments 
during moving in a different direction on vertical surface where FN is the normal force generated by feet above the COM, R is the arm of force of stabilizing, 
the integral of FN and G from 0 to t represents the impulse IN and IG, G is the qravity, and r is the distance of the COM to the vertical surface [15]. 
Table 2  Relationship between overturning impulse moment and stabiliz-
ing impulse moment in a G. Gecko moving in different directions on a 
vertical surface 
Moving direction N IG / IN R/r Impulse moment 
Upward 20 12.45 10.02 MS<Mo 
Downward 21 10.88 10.33 MS<Mo 
Leftward 18 7.66 8.33 MS>Mo 
 
ured, when the G. Gecko moved on a vertical surface in 
upward, downward and leftward directions. The main dif-
ference between the three movements is the relationship 
between gravity and locomotion directions, which is, the 
reverse, uniform, and vertical. The results show that locomo-
tion behavior and the reaction force of the G. Gecko change 
corresponding with different locomotion directions, and the 
locomotion behavior and reaction forces of different spe-
cific geckos were similar under the same form of motion. 
3.1  Locomotion behavior analysis 
The G. Gecko using a diagonal gait moved on a vertical 
surface in upward, downward and leftward directions, and 
the speed related to the gait information of the fore- and 
hind- feet, including stride length, stride frequency, duty 
factor and stance time, etc. When the gecko moved up-
wards, grav- ity always generated a deceleration force and 
the gecko needed to do work overcoming gravity, thus the 
velocity at 0.33±0.20 m/s was the slowest for the three lo-
comotion directions. In contrast, gravity always generated 
an acceleration force when the gecko moved downwards; 
therefore, the velocity was faster at 0.55±0.29 m/s. For 
leftward movement, there was no obvious transformation 
between potential energy and kinetic energy, thus the veloc-
ity lay between the other two locomotion directions at 
0.43±0.17 m/s. The velocity of animals is influenced by 
stride length and stride frequency. The two species of 
geckos Gekko gecko (G. Gecko) and Hemidactylus garnotii 
(H. Gecko), tend to increase velocity by increasing stride 
frequency, even when they carry extra load, but other spe-
cies of gecko (such as the Eublepharis macularius) tend to 
increase velocity by increasing stride length [13,14]. The 
test results show that when a gecko moved on a vertical 
surface in up- ward, downward and leftward directions, the 
stride length and stride frequency were both affected by the 
velocity. The gecko increased its velocity mainly by linear 
improvement in its stride frequency (Figure 2(a),(c),(e)), 
which is consistent with the test results of Zaaf and other 
authors. When geckos moved upwards and downwards, 
there were no significant differences in the duty factors of 
the left and right feet, and the duty factors of the fore- and 
hind-feet were equivalent. For leftward movement, the duty 
factor decreased with increasing velocity (Figure 
2(b),(d),(f)). The attachment and detachment times both had 
obvious differences in the three directions and neither was 
significantly affected by the velocity (ANOVA, P>0.05), 
each occupying a certain proportion of the stride period. 
More specifically, geckos need a limited time to extend or 
crimp their toes, which may be due to achieving the least 
time with safe redundancy in the process of attachment and 
detachment. Thus, the gecko barely uses the decrease of at-
tachment and detachment times to increase velocity (Table 1). 
3.2  Balancing overturning moment 
When geckos change directions on a vertical surface, the 
overturning moment caused by gravity can be reduced by 
decreasing the distance between the COM and the vertical sur-
face, or can be balanced by the stabilizing moment generated 
by the adhesion force of the feet above the COM. The feet 
above the COM always generated negative normal force 
(adhesion force) to pull the body toward the vertical surface. 
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When the geckos moved upwards and downwards, the feet 
below the COM generated positive normal force occasion-
ally, but the value of this force was always less than the 
value of the negative normal force generated by the feet 
above the COM. Therefore, the net effect was to pull the 
body towards the locomotion surface to reduce the distance 
between the COM and substrate. A gecko which moves 
vertically uses a sprawled-posture, and needs to keep a 
minimum distance between its COM and the surface to 
maintain the sprawled-posture. There were no obvious dif-
ferences in the arm of force of overturning moment r for the 
three directions of movement. Thus the variation of the arm 
of force r is limited, namely decrease of arms of force of the 
overturning moment r has limited influence on reducing the 
overturning moment, so the gecko’s only option is to keep 
the COM as close to the substrate as possible. 
Adhesion forces generated by the feet play a key role in 
preventing turning and keeping still. However, a very large 
adhesion force will make it hard for geckos to detach them-
selves from the substrate, and will also make a greater im-
pact on their locomotion. Geckos utilize the relationship 
between the arm of force of stabilizing moment R and the 
arm of force of overturning moment r ingeniously (Table 2). 
The overturning moment caused by gravity was balanced by 
small normal adhesion forces of the feet above the COM. 
Static analyses show that the stabilizing impulse moment 
caused by the feet above the COM must equal the overturn-
ing impulse moment caused by gravity. However, the ex-
perimental data show that there was some difference be-
tween the stabilizing impulse moment and overturning im-
pulse moment (Table 2). It is supposed that, in reality, be-
cause a gecko is in a dynamic locomotion, there are a lot of 
influencing factors. For example, the inertia force caused by 
the motion, the swing of the tail in locomotion, and so on. 
Geckos can overcome the overturning moment and move 
steadily by using the feet or tail. It is not known whether the 
tail influences locomotion by its direct contact with the sub-
strate or by its inertia [36]. This paper focuses on the func-
tion of the feet for stabilizing overturning moment. 
3.3  Differential foot function 
The reaction forces generated by the feet above the COM 
which is the fore-foot moving up, the hind-foot moving 
down and the right lateral foot moving to the left, are simi-
lar, the main differences are the force values. When the 
gecko moved upward, gravity was in the opposite direction 
to motion direction and a decelerating force is generated by 
gravity, so the positive driving forces generated by the feet 
had a similar direction to the motion direction to overcome 
gravity and drive the gecko upward. The fore- and hind-feet 
made the same contribution to balance gravity and drive 
motion (taking up 72.8% and 71.0% of the body weight 
respectively) (Figure 6(a)). In contrast, when the gecko 
moved downwards, the negative driving force generated by 
each foot is in the opposite direction to the direction of lo-
comotion, and the deceleration force generated by the 
hind-foot above the COM took up 95.2% of the body 
weight and ensured stable and safe movement (Figure 6(b)). 
For leftward movement, gravity is perpendicular to the di-
rection of locomotion, and the lateral forces of each foot are 
in the opposite direction to gravity. The lateral forces of the 
feet above the COM accounted for 108.7% and 122.0% of 
the body weight respectively and made the main contribu-
tion to balancing gravity. The fore-foot above the COM 
generated a positive driving force to accelerate locomotion 
in the first half of the stance period, and generated a nega-
tive driving force to decelerate locomotion in the second 
half of the stance period. The condition of the fore-foot be-
low the COM was in contrast to that of fore-foot above the 
COM. The hind-foot above the COM always generated a 
negative driving force and the hind-foot below the COM 
always generated a positive driving force in the stance pe-
riod. The driving ways, which accord with the change of the 
stance period, not only keep movement safe, but also 
greatly improve the efficiency of motion (Figure 6(c)). 
Geckos move vertically using a sprawled-posture, the 
fore- and hind-feet play an important role in the lateral sta-
bility and maintenance of the sprawled-posture. A gecko 
twists its body with an S-shape while in motion, thus the 
foot needs to generate a homologous lateral force to balance 
the lateral inertia caused by the twisting. It is the premise of 
adhesion between the foot and substrate that suggests the 
gecko’s limbs must pull towards the midline of the body. 
Lateral force is an important factor in making reliable adhe-
sion with the vertical surface [15,22,24]. When the gecko 
moved upwards and downwards, each foot pulled toward 
the midline of the body and generated the necessary adhesion 
force to balance disturbances, such as the normal inertia 
force, overturning moment, etc. For leftward movement, 
only the feet above the COM pulled toward the midline of 
the body and the necessary adhesion forces were only gen-
erated by the feet above the COM. Therefore, when geckos 
changed direction on a vertical surface, the feet above the 
COM generated adhesion forces (negative normal forces) to 
pull the body toward the vertical surface. The normal force 
generated by feet below the COM change constantly to en-
gage the requirements and balance the overturning moment 
in locomotion. The arms of force of overturning moment r 
had no obvious differences in different directions, and the 
arms of force of stabilizing moment R in leftward move-
ment was less than that when moving upwards and down-
wards. Thereby the normal force of the feet above the COM 
of the gecko moving leftward was obviously larger than that 
of the gecko moving upwards and downwards (Figure 4 and 
Figure 6(a), (b), (c)). 
Therefore, when the gecko moved upwards, downwards 
and leftwards on a vertical surface, the fore- and hind-feet 
were not significantly different in that they could achieve 
the same function. For example, the overturning moment 
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Figure 6  Direction of reaction forces of each foot in a G. Gecko moving in different directions on a vertical surface (a)–(c) and a H. Gecko running on 
level ground (d). (a) Single foot reaction force during a G. Gecko moving upwards. Circle with a × and dot in the center represents a vector that points away 
from and towards the reader; (b) single foot reaction force during a G. Gecko moving downwards; (c) single foot reaction force during a G. Gecko moving 
leftwards; (d) single foot reaction force during a H. Gecko’s level running [15]. 
was mainly balanced by the fore-feet moving upwards, the 
hind-feet moving downwards and the right feet moving 
leftwards. However, when the gecko moved on a ceiling 
surface [18], the fore- and hind-feet have a significantly 
different function, the fore-feet play the main role of driving 
forward, and the hind-feet play the main role of keeping the 
motion steady. Following the synthetic analysis of the 
gecko moving on different surfaces or in different directions 
on one surface, it was found that there was no great differ-
ence in the function of the fore- and hind-feet, such as sup-
porting the body, driving locomotion, balancing overturn-
ing, etc. Assuming that locomotion is required, geckos do 
not sedulously limit the function of each foot, or transform 
constantly and coordinate mutually the function of each foot 
to better complete locomotion in different direction on the 
same surface. On the other hand, geckos do properly limit 
the function of a foot on a different surface, such as on a 
ceiling surface where locomotion is only derived by the 
fore-feet. Although this may weaken the function of the 
foot, to a great extent, the adaptability of the gecko is im-
proved in its natural environment and its survival is ensured. 
Meanwhile there is a good motor pattern in which geckos 
continually adjust the function of each foot for the change in 
locomotion environment. This can only inspire the structure 
design and control development for a gecko-like robot’s 
legs and feet. It suggests that gecko-like robot control, and 
adjusting the function of each foot continually to adapt for 
different locomotion environments, will enable safe and 
efficient completion of specified tasks. For example the 
search and rescue tasks in extreme environments after a 
disaster and so on. 
3.4  Comparing the analyses for the Gekko Gecko (G. 
Gecko) and Hemidactylus garnotii (H. Gecko) 
The H. Gecko was a species of smaller gecko (weight: 
1.9±0.7 g, mean ± s.d., 46–58 mm snout-vent length, N=9), 
its locomotion behaviors and dynamic movement upwards 
on a vertical surface were measured and analyzed by Au-
tumn [15]. Comparing these analyses, there were differ-
ences and similarities between the H. Gecko and G. Gecko. 
(i) Kinematics.  The H. Gecko was smaller than the G. 
Gecko, its weight and snout-vent length occupied 1/32 and 
1/3 of the G. Gecko’s, but their range of velocity had no 
obvious differences in the upward direction on a vertical 
surface. The stride length and stride frequency of the G. 
Gecko were significantly affected by velocity and the veloc-
ity increase was mainly a function of increasing stride fre-
quency. The H. Gecko increased its velocity largely by in-
creasing its stride length and the stride frequency did not 
relate to the velocity. The stance time, swing time and duty 
factor of the G. Gecko were significantly affected by veloc-
ity and increased with decreasing velocity. However, those 
of the H. Gecko were not significantly affected by velocity. 
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This difference may be due to the G. Gecko being larger than 
the H. Gecko, thus it must have subtle control over the loco-
motive process to achieve safe and efficient locomotion. 
The G. Gecko and H. Gecko moved vertically by using a 
diagonal gait at all speeds. The attachment time of the G. 
Gecko was larger than that of the H. Gecko, but the ratio of 
attachment time to stride time were virtually the same for 
the two species of geckos, and both the attachment and de-
tachment times were not significantly affected by speed. 
Though there are obvious differences between different spe- 
cies of geckos in morphology, the characteristic of gait has 
some similarities which concurs with the results measured 
by Van Damme and Vanhooydonck et al. [5,37]. 
(ii) Single foot reaction force.  The direction of fore-aft 
forces of both the G. Gecko and H. Gecko were opposite to the 
direction of gravity. The sum of the fore-aft forces generated 
by the two diagonal feet were about 1.45 and 1.92 times the 
body weight for the H. Gecko and G. Gecko, which showed 
that variation in the range of acceleration of the H. Gecko was 
greater than that of the G. Gecko, thus the acceleration ability 
of the H. Gecko may be better than the G. Gecko. The G. 
Gecko, which is larger than the H. Gecko, needs to decrease its 
lateral swing to reduce the lateral inertial impact and increase 
locomotive safety on a vertical surface. This may be because 
the ratio of the lateral force to body weight of the G. Gecko 
(0.33) is less than that of the H. Gecko (1.2) in the lateral di-
rection. The adhesive forces (negative normal forces) of the 
fore-feet of the G. Gecko and H. Gecko took up 23% and 26% 
of their body weights. The hind-feet of the G. Gecko generated 
a negative normal force which took up 14% of the body 
weight in the first half of the stance period and a positive 
normal force which took up 18% of the body weight in the 
second half of the stance period. However, the hind-feet of the 
H. Gecko always generated a positive normal force which 
took up 26% of the body weight in the whole of the stance 
period. This change of hind-feet of the G. Gecko may be used 
to balance inertial perturbation which resulted from a bigger 
body in locomotion. Therefore, the first question for the G. 
Gecko is how to ensure its bigger body moves safely on a ver-
tical surface (Figure 6(a), (d) and Figure 7). 
 
Figure 7  Comparison diagrams of ratio of reaction forces to weight for a 
G. Gecko and a H. Gecko moving on a vertical surface. 
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